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The overall objective of this program Lls to contribute to the develop-
mant of practical thermochemleal cyeles tor the production of hydrogen
from water. Specific poals are:

Investipate and evaluate the technical and aconomic viabiliry of thermo-
chemical cveles as an advanced tec'mology for producing hydropen from
wilLer,

. Imnvesatigate and evaluate the englncering principles fnvolvaed 1 inter-
facing iIndividual thermochemical eyveles wlth the different thermal
cnerpy sources; hiyh tempernture Flasfon, solar and fusion.

. Conduct a continulng rescarch and development effort to evaluate the
use of solld sulfates, oxldes and other compounds as putentially ad-
vanced cyveles aud as alternatus to "2804 basad cyceles.

Barle thermochemlstry mtudies have been completaed Yor two difterent steps

in the decomposition ol bismuth sulfate. Two difrerent bismuth sulface

cycles hiave been derined for different sulfuric acid strengths,  The
evantual "best" cycle will depend on wnerpy requlred to form sul Furic
acld at JLU{Ferent concentrat lonn.

« A sollds deconpodition Jaclllity has been constructed and practical
rtudics of wolud decompoyltlona are belnp conductude  The tacility
Includes a rotar - kiln systom and a Jual=pavtlele (lofdized hed
dystem.

o BEvaluation or differente tvpes of eyeloer for couplingg with Jdifrerent
heat aources L4 continuing.
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ADVANCED THERMOCHEMICAL HYDROGEN CYCLES

Mclvin G, Bowman and Charles M. llollabaugh
Los Alamos National Laboratory
Los Alamos, NM 87545

The Los Alamos program on the "Thermochemical Production of Hydrogen"
is designed to provide experimental and/or analytical information in direct
support of cycles selected by the Division of Chemical/llydrogen Energy Systems
for process development :und cvaluation and to identify and conduct e:xperi-
mental and analytical feasibility studies of advanced or longer range cycles
with potential advantages for matching the individual heat dclivery character-
irtics of wmolar thermal, high tamperature fission, and fusion energy sources.

Recent progress and current activities are described below,

1.0 Bismuth Sulfate Chemistry. We have completed studies of the thermo-

chemistry of bismuth pulfate decomposition and determined that biswuth sulfate
decomposes through o series of intermediate oxysulfatesa rathoer than directly to
bismuth oxide., Myuatlons 1, 2, mned 3 of Fipure T 1llustrates this propgressive
decomposition. DEnathalpiles for reactfons 1 and 2 ware determined experimentally

by measuring equilibrfum gas preossures as a function of tempurature, The values
obtained are 16 and 172 kJ/mol foi veaction L and 2, respectively. Although the
cutlalpy for rcaction 3 wis not determined, it 15 expuected to approximate that for
reaction 2 since the decomposition proceeds rvapidly to the bismuth oxysulfate

product of reaction 3,

We have found that nizo(soﬁ)ﬂ fs rhe stable sulfate In contact with sulfuele
acld in the concentration range of 3.0 to 52.7 wtZ at ambjent temporatures.  This
oxysulfate contains three watern of hydration., At acid concentrations hipgher
than 52.7 wtZ the stable sulfate lo "13(504)3 with no waters of hydration. Frow
our studics it is clear that there are two alternate bismuth sulfate eycles basad
on th» initial fermation of gulfurie acid, These are described as Alternate ]
and Alternate 1I in Figure I. Both cycles contain an aaditional step for the

deconposition of 50, to S0, and 0, .



Alternate I requires higher strength sulfuric acid, but for ecach mole
of SOJ finally dacomposed, requires an lower bismuth inventory and less cnergy
for drying the solid sulfate. Alternate [I requires lower strength sulfuric
acid. Thus, its potentisml advantage depends on the possibility that significantly
less energy may be required to form dllute sulfuric acid. Studics to determine
the enerygy requirced to form sulfuric acid aa a function of concentration arc

bedng made in other programs, primarlly in other laboratorics.

2,0 Sollids Decomposition Faclliby. Most of the recent worldwide effort

ou applied proceus development has been focused on sulfuric acid cycices.  Fn-
couraping propress Ls beding made. Tn principle, however, nmore otflelent cyreles
are possible, particularly for high tcemperature Isothermal heat sources.  For
example, scveral laboratorles ave consldering the use ol solid sulfates in
sulturle acld bancd eveles to avold the concentration of sulfurie acld which s
an eneegy Intengive step. Methods for forming sul fates more dircatly are also
under study, A second example 13 related to a recopnltion that cyeles based un
solid onide decomponitlon as the high Ltemperature step of fer unique advantapes
for coupling with a solar furnace slnce the oxlide can be heited and decomposed
in alr at temperaturen where the oxypen disgoclatfon proessnre oxecods the praess-
nure of oxygan n the atmosphere.  Thus, thoe oxlde can be heated directly by

"alr window" amd the usual diFtdcult problem

nolnr radlatfon entering through an
ol tranpmltting heat to a process, celther through a contafnor will or a guartz

window, can be preatly simpllfied.

The key to practleality for adanced solld sulfate eyveles will be de or-
mined to a Larpe extent by the avallability of practleal methods for handliny
aollds,  Consequently, moat of our encrent experimental etfort under C/IES
fuva Lven the tenting of methoda for promoting aol LD decompentt lon react lons,

200 Retary Kiln Facdlity. A laboratorv-seale rotaty o was
win conntructed from a 29 mmodiameter quartz tube whiel Teocoupled
ta a "werew feoder” throuph a pan tipht retary ceals Fleure 11
In a pehematde of the avatom,
The rotary kiln han been upned In experlnent: to decompoae

III:,U(HU,‘)H, l“:’.(m,h) """‘I;”.'. anmd (:n_‘(l',l. Posults o tepieal

‘O
experimenta are presented In Flpaeea 10 1V, V8 VI



2,2 TFluidized Bed Facility. A "dual particle" fluidized bed facility

has been constructed and tested at temperatures up to 1425K. 1n
the system, a bed of spherodized particles (stabilized ZrOZ)

is fluidized by a earrler gas (Initially argon) which carries

the finer particle feed materlal through the bed.  The decomposed
feed material is co’lected down stream in a eyclone separator,
Figure VII s + schematie of the xystem,

The dual-partlcle fluidized bed has been tested in experiments
to dceompose ZnSU;. Results of these Inftial studies are presentoed
in Fignre VIII. Results of the carlier ZnSOA kiln ¢xperiments are
alao included for case of comparlson,

1t should be noted that the sulfate decompositlon reactions have been
written Lo show 503 cvolution (rathoer than a misture of 503, 502 and 02). Thue
actual pas ccaposltions tor the dilffecent experiments will be determined in
future cexperiments,  We alse plan to detormine the effects of adding catalysts,

not onty on the composit fon of the evolved pgases, but alse on decomposit bon rates,

3.0 Matching Cyeles with Thermal Fnerpy Sources.  As fadleated above,
cyveles based on rolid decomposition almost roequire a source of high temperature
Isothermal heat vather than heat from a clreulating pas cooled reactor. In con=
trast, sulfurde acld cveles are better suited for heat delivered from a voollng
P stream,  OF course, an lsothermal heat source can be used for sulfurle aedd
cveles, but (in an  Ideal sense) with a loas of potential effl:fency,  Comparisons
of heat requirements versus tempervature for Il,‘,.SU_,. decompos Lt lon and for IHZU “;Uls)'.:
decompont ton ave piven dn Fipures TX=X11,  Flgure XL presents shmpl U bed "load
Line" curves that [llustrate the comparisons, 1t should be noted that the large

heat requirement for dreying sulfuric aeld s not ineluded.

4.0 Ackpowledpement.  The expertmental werk deseribed hereln was performal

by ¢, Mo Uollabauph, W M. Jones and €, L, Peterson,



FIG. I. DECOMPOSITION OF BI,(S0,)5

B1,(80,)3 = B1,0(80,), + SOz (1)
B1,0(S0,), = B1,0,50, + SO0 (2)
Bl20280q = B1202.3(30“)0l7 + 0.3 803 (2)

ALTERNATE !
Bl50y 4(SUg)y 2+ 2.3 1,80, = B1,(30,); + 2.5 H,0

BIZ(SQH)S = BleZ.B(SOM)O.V + 2.5 503

AL TERNATE. 11

B1202l3(50“)“'7 + 1.5 ”280“ = Ble(SU“)z + 1,5 "20
BIEO(SUH)Z = h1202.3(80q)0.7 + 1.5 803
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FIG. III. DECOMPOSITION OF B1,0(S0,), IN RUTARY KILN

TEMP (K) TINE (s) LECOMPUSITION (4)
§93 67 bl
995 153 8l

1023 51 49

1025 66 5U

1023 128 8

1075 4o ol

1073 bb SV

1073 120 97

1125 (2 HL

1125 )] Yai

1123 152 B}



Fic. IV. DECOMPGSITION OF LA2(80q)3 IN ROTARY KILN

TEIR_ (K) TIME (s) DECOMPOSITION ().
1283 66 11.5

FIG. V. DECOAPOSITION OF ZNSU, IH ROTARY KIIN

ZNSO,, = IND + SO

TEP, (K) TINE (s) DECOFT VT TON ()
1275 Gl 45,0
1253 1)) bt

16, V1L SRCORPOSITION OF CosUy IN RUTARY MILR
Couy = 5 CoU + 172 0,
TEHP (K) TIME (s) DECOIPUSTTTUN (&)

12385 G0 10b
1263 ouU Sb



FIG. VII. FIUIDIZED BED SYSTEM
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Fl6. VIII. DECOMPOSITION OF £NSD,,

NSO, = IN) + SO

FLUIDIZED BED (1223 K)

SOLID RATE RATIO TIE P atw) % DEC.
(e/s) (AR/ZNSO) — (s) S0+ 80,
0.017 64,2 0.35 9.011 93
0.042 25,7 0.35 0.026 91
0.065 16.7 0.34 0.034 77
0.040 12.0 0.3y 0.042 70
0.098 11.1 0. 34 0.03Y 60

ROTAKY KIln

Mol. RATIO " (A
TEMP (K) (AR/ZMsoq) TIKE (s) Sqi.r SO2 « DEC,
1223 0.89 60 0.24 lyr,
1233 0.78 (1Y) V.36 P



F16. IX. DECOMPOSITION OF H,S0,(2)

ASSUME: (1) VAPORIZATION 0 100% i9S9y AT
700K TO FORM EQUILIBRIUM GAS MIXTURE AT A
PRESSURE OF 10.6 ATM. (2) THE GAS HEATED

TO ACHIEVE EQUILIBRIUM AT 1390K AND 19.6 ATM.
GAS COMPOSITIONS WOULD BE:

_LOMPONERY - _7o0k o 1S00K
lp S0 () 4,02 ATM ---
H,0 (6) 3.27 4,36 ATH
503 (&) 3,21 0,63
B0y (6 0.06 5,73
0, 0.03 1,87

IF 5AS CONTAINS 1 MOLE OF SO0, AT 1200K, THE
INDISSOCIATED SO3 WOULD BE 0,17 MOLE. TIUS,

1.17 MOLES OF H,S0,(.) WOULD NEED TD B VAPORIZED
AT 720K AND HEATED TC 1300K TC YIELD 1 MOLE OF SO,.



E16, XI. BISMUTH SULFATE DECOMPOSITIQN

R150(S0,)5 -+ Biy05S0 + (1-x)S03 + xS0y + x/2 0,

AT 1125K: x = 0,66, TOTAL P = 4,2 ATM

FOR DECCMPOSITION OF 1,14 MOLES OF B1,0(304}, T0
B1909S0;, AHD EQUILIBRIUM GAS MIXTURE AT 1125K (4.2 ATM)
THE HEAT REQUIREMENT IS 270.4 xJ. HEATIHG THE GAS AND

OB3..INING EQUILIBRIUM WOULD REQUIRE HEAT (NET) AS
FOLLOWS:

... [EFCLRATURE _ _HEAT_NLEDED . ACCUM._HEAT..

AT 1125K 270.4 kJ 270.4 xJ
112% - 1200 12.8 235.2
1290 - 1300 10,7 794.9

REAT REQUIREMENTS COULD BE KET BY COOLING 81 MOLES
OF He 175 DEGREES (132% - 1150K)*



F16, xI1,  RISMUTH SULIFATE DECOMPOSITION .

Bi,0(S9,)9 ~ Brg0yS0y + (1-x) 805 + X80y + x/2 0y (1)
AT 1125K: x = 0,66, TOTAL P = 4,2 ATH,

FOR CASCS AT 1300K AiD 4.2 ATM, x = 0.88 AND MIXTURE
CONTAI!NNG 1 MOLZ OF SO, AWD 1/2 MOLE OF 0, WOULD
CONTAIW 0.14 MOLE OF S03., THUS, 1,14 MOLE CF
B1,0(S0y), DECOMPOSED IN RCACTION 1 WOULD YIELD 1
MOLE OF SO» AFTER GASES HEATED TO BOOK,

[F GAS MIXTURE CONTAIIING 7.9 MOLES OF SC,, 3.5 MOLES
OF Oy AMD 0,85 HOLES OF 805 15 BROUGHT TH CONTACT WITH
1.1% HoLEs OF BL,0€S0,), AT 1125%, THE MEAT COATEHT 0F
COOLING GARES PIUS IFAT YVOLVED TN SHIFITIG EQUILIBRIUM
IS JUST SUFFICIENT TO DREOHPOSE THL SULFATE AldD YIELD
OVERALL. EQUILIGRIUM AT 1125K, (= 270 kJ)

THUS: 11,5 MOLES OF GAS WOULD BE CYCLED IN THE HEAT
[FIPE SYSTEM,



